Previous studies have examined the role of three NOS3 gene polymorphisms [G894T, T-786C, and the variable number of tandem repeats 4b/a (VNTR 4b/a)] in the susceptibility to preeclampsia with inconclusive findings. We therefore conducted an updated meta-analysis by including more studies. The most appropriate genetic model was chosen for each polymorphism by using a well-established method. Pooled results indicated that, compared with the GT + GG genotype, the TT genotype of G894T was associated with an increased risk of preeclampsia (odds ratio (OR) = 1.46; 95% confidence interval (CI) = 1.21-1.77, P < 0.001; I 2 = 40.2%). The CC genotype of T-786C was also associated with a higher risk of preeclampsia (OR = 1.30; 95% CI = 1.07-1.58, P = 0.034; I 2 = 46.9%) than the CT + TT genotype. No association was found for VNTR 4b/a. Stratified analysis indicated that the increased risk was evident for high-quality studies both for G894T and T-786C, and for studies conducted among Caucasians and Africans for T-786C. However, the increased risk for T-786C among Africans needs further confirmation due to the high probability of false-positive reports. Our results suggested that G894T and T-786C polymorphisms, but not VNTR 4b/a, were associated with an increased risk of preeclampsia.
. In 2013, two meta-analyses on the associations between these three polymorphisms and preeclampsia risk were published but with inconsistent results 11, 12 . Since the publication of these meta-analyses, eleven new studies have been published [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . We have therefore performed an updated systematic review and meta-analysis, adding the recently published studies to further clarify the role of these three SNPs in susceptibility to preeclampsia and to address the limitations of the previous meta-analyses by using more sophisticated methods.
Results
Study characteristics. A total of 791 articles were retrieved by a literature search (Fig. 1) . Of the publications that were considered to be possibly relevant for the analysis, the following were excluded: two duplicate publications 24, 25 , one study 26 that included controls with hypertension in pregnancy, one study with unreliable data 27 , three studies [28] [29] [30] with controls not in the Hardy-Weinberg equilibrium (HWE), and one study with insufficient data to calculate HWE 31 . Finally, 41case-control studies, including 5,211 cases and 8,779 controls, were used to evaluate the associations of NOS3 polymorphisms (G894T, T-786C, and VNTR 4b/a) with the risk for preeclampsia (Table 1) . Thirty articles (3,503 cases and 6,843 controls) were appropriate for combined analysis for G894T, 15 studies (2,232 cases and 3,068 controls) for T-786C, and 17 studies (2,091 cases and 2,638 controls) for VNTR 4b/a. Table 1 shows the characteristics of included studies. Total sample sizes ranged from 77 to 2,114 (median 255). Twenty-four studies were conducted among Caucasians, 10 among Asians, two among Africans, and the remaining five among mixed Caucasians and Africans. The mean age at study was 27.7 years for the cases and 27.6 years for the controls, and the mean GAD were 35.7 weeks for cases and 39.2 weeks were controls. The quality scores for all of the included studies ranged from five to 14 with a median of eight. Controls in all of the included studies were population-based and were in HWE (Supplementary Table 1 ).
Quantitative synthesis. For SNP G894T, OR1 (GG vs. TT) was 1.48 (P < 0.001); OR2 (GT vs. TT) was 1.11 (P = 0.037); and OR3 (GG vs. GT) was 1.44 (P < 0.001), respectively, suggesting that there is a strong recessive association (TT vs. GT + GG) for the putative susceptibility allele T with preeclampsia. The pooled OR and 95% CI for the association between G894T polymorphism and preeclampsia risk was 1.46 (1.21, 1.77) (P < 0.001) with moderate between-study heterogeneity (I 2 = 40.2%; Cochran Q = 41.83) ( the quality scores of included studies revealed a statistically significantly increased risk of preeclampsia only in high-quality studies with scores of 9 to 15 (OR = 1.59, 95% CI = 1.27-2.00; P < 0.001). For SNPT-786C, OR1 (TT vs. CC) was 1.36 (P = 0.003); OR2 (CT vs. CC) was 1.06 (P = 0.392); and OR3 (TT vs. CT) was 1.26 (P = 0.029), respectively, also suggesting that there is a recessive association (CC vs. CT + TT) of the putative susceptibility allele C with preeclampsia. The overall fixed OR was significant (OR = 1.30; 95% CI = 1.07-1.58, P = 0.008), with moderate between-study heterogeneity (I 2 = 46.9%; Cochran Q = 26.32). In the stratified analysis by ethnicity, the pooled estimate showed a significantly increased risk in the studies conducted among Caucasians (OR = 1.41; 95% CI = 1.11-1.79, P = 0.005) and among Africans (OR = 2.44; 95% CI = 1.26-4.71, P = 0.008). Similar to SNP G894T, when stratified by quality scores, an increased risk was observed only in high-quality studies with scores of 9 to 15 (OR = 1.47; 95% CI = 1.14-1.89, P = 0.003) ( Table 2 , Fig. 2 ).
For the VNTR 4b/a, OR1 (bb vs. aa) was 1.24(P = 0.193); OR2 (ab vs. aa) was 1.00 (P = 0.975); and OR3 (bb vs. ab) was1.07 (P = 0.690), respectively, suggesting that there is no association between the VNTR 4b/a polymorphism and preeclampsia risk. No more models were fitted for VNTR 4b/a.
Sensitivity analysis and diagnosis of bias.
The sensitivity analyses indicated that no single study could change the pooled ORs obviously for both G894Tand T-786C (Table 2 ). However, after excluding one study by Serrano et al. 32 or Hakli et al. 33 the heterogeneity for G894T was significantly reduced, with I 2 decreasing from 40.2% to 36.0% or 24.9%. Both Egger's and Begg's test revealed no significant publication bias, and the P values were 0.634 and 0.508 for G894T, and 0.141and 0.276 for T-786C. The funnel plots also indicated no evidence of publication bias both for G894T and T-786C (Fig. 3) .
The false-positive report probability (FPRP) values for significant findings at different prior probability levels are shown in Table 3 . For a prior probability of 0.1, assuming that the OR for a specific genotype was 0.67/1.50 (protection/risk), with a statistical power of 0.710, the FPRP value was 0.009 for G894T with an increased risk of preeclampsia, under the recessive genetic model. A positive association was also observed in the high-quality studies for G894T. Similarly, T-786C was also significantly associated with a preeclampsia risk under the recessive genetic model, with the statistical power of 0.590 and the FPRP value of 0.011, and positive associations were found in the subgroup of Caucasians and high-quality studies. However, we did not find an association between T-786C and preeclampsia risk in the subgroup of Africans due to limited statistical power. 
Discussion
In this meta-analysis, we examined the associations between the three NOS3 gene polymorphisms (G894T, T-786C, and VNTR 4b/a) and the preeclampsia risk. Our results provide evidence of a significantly increased risk for preeclampsia for G894T and T-786C polymorphisms, under the recessive genetic model. No association was found between VNTR 4b/a and preeclampsia risk. In addition, stratification analysis showed that the association was more evident for high-quality studies both for G894T and T-786C, and among mixed Caucasian and African populations for T-786C. However, the results for Africans for T-786C need further confirmation due to the high probability of false-positive reports.
Recently, two meta-analyses were published focusing on NOS3 G894T, T-786C, and VNTR 4b/a polymorphisms and the preeclampsia risk 11, 12 . The meta-analysis by Qi et al. 12 included 26 studies of 2,863 cases and 5,726 controls for G894T, 13 studies of 1,799 cases and 5,853 controls for T-786C, and 15 studies of 1,666 cases and 4,331 controls for T-786C. In the meta-analysis by Qi et al. 12 , an increased risk of preeclampsia was observed for G894T in the recessive model (OR = 1.43; 95% CI = 1.13-1.82, P = 0.003) with significant between-study heterogeneity (I 2 = 50.0%), but no association was observed for T-786C and VNTR 4b/a. Another meta-analysis by Dai et al.
11 included 22 studies of 2,265 cases and 3,709 controls for G894T, 11 studies of 1,538 cases and 2,085 controls for T-786C, and 11 studies of 1,266 cases and 1,643 controls for VNTR 4b/a polymorphisms. The results found that T-786C polymorphism was associated with an increased preeclampsia risk in the dominant model (OR = 1.17, 95% CI = 1.02 − 1.35; I 2 = 44.2%) and that VNTR 4b/a was associated with a high risk in the recessive model (OR = 1.46, 95% CI = 1.01-2.10; I 2 = 30.6%). However, no association was observed for G894T (OR = 1.25, 95% CI = 0.96-1.63; I 2 = 47.0%). Our study, with the largest sample size, found a significantly increased risk of preeclampsia for G894T and T-786C polymorphisms, but not for VNTR 4b/a, which were partially consistent with the previous meta-analyses. In addition to the larger number of studies included leading to an increased statistical power, the following reasons could also explain the discrepancy. Firstly, the two previous meta-analyses did not exclude studies with controls not in HWE from the pooled analysis, and this may introduce potential selection bias in their findings. Not excluding studies with HWE-violation may result in the overestimation of the statistical significance of some postulated gene-disease associations, and it also seemed to modestly increase the between-study heterogeneity in some instances, thus distorting the findings 34 . In the current meta-analysis, seven studies for G894T 14, 17, [28] [29] [30] [31] 35 , two studies for T-786C 32, 36 , and four studies for VNTR 4b/a 14,18,21,37 deviated from HWE. After adding these studies into the pooled analyses, the overall risk and between-study heterogeneity were not significantly changed except for a significant reduction of heterogeneity for G894T (from 52.5% to 38.8%). However, no significant change was found for T-786C. Secondly, some extracted data in the previous meta-analysis (e.g., revealed in Dai et al.
11 Table 1 ), were not accurate. In addition, studies with unreliable datasets (Tempfer et al. 27 ), with controls having hypertension in pregnancy (Sandrim et al. 26 ), and with duplicate publication 24, 25 were included in the previous meta-analyses 11, 27 , which may also explain the different results found between our study and the previous meta-analyses.
The evidence that NOS3 G894T and T-786C polymorphisms increase the risk of preeclampsia is biologically plausible. The NOS3 gene is responsible for encoding eNOS, a critical enzyme synthesizing NO through the conversion of L-arginine to L-citrulline in the vascular endothelium, by using molecular oxygen 4 . Circulating NO, the biologically active free radical, plays critical roles in vascular homeostasis 38 . Endogenously synthesized NO promotes tissue perfusion by the relaxation of vascular smooth muscle. It may also protect against foam cell formation and media hypertrophy 39 . A reduced production of NO in women with preeclampsia compared with normal pregnant women was observed 40 . The chronic inhibition of NO synthesis in pregnant rats led to preeclampsia-like syndromes, such as sustained hypertension, proteinuria, thrombocytopenia, and intrauterine growth retardation 5 . NOS3 G894T polymorphism is located in exon 7 leading to a change from glutamate to aspartate at position 298. This variation was found to be susceptible to cleavage by proteases in endothelial cells and vascular tissue, thus leading to reduced vascular NO synthesis 41 . G894T has been suggested to reduce eNOS mRNA expression, its activity and NO levels among patients with preeclampsia compared with healthy controls 29, 31 . The T-786C SNP is located in the 5′ -flanking region of promoter 9 . Carriers with the C allele had a significantly reduced luciferase reporter activity, and decreased eNOS transcription and endothelial production of NO 9 , thereby leading to an increased preeclampsia risk. In the stratified analysis by ethnicity for T-786C, a significantly increased risk of preeclampsia was found in studies conducted among Caucasians and Africans. The significant finding for Caucasians was probably due to the larger sample size in this subgroup. For Africans, the calculation of the FPRP values suggested that the possibility of false-positive reports could not be completely ruled out, and this still needs further confirmation. Stratified analyses also found significant results for high-quality studies both for G894T and T-786C polymorphisms, which may suggest an underestimation of the overall effects for these two polymorphisms because of suboptimal studies.
One strength of our meta-analysis is a thorough literature search and review to identify as many studies as possible which are relevant to this topic. To the best of our knowledge, this meta-analysis included the largest number of original investigations in this area, thereby giving it the most sufficient study power. In addition, efforts were made to assess publication biases through Egger's and Begg's regression asymmetry test and funnel plot, and to pinpoint the potential sources of heterogeneity via stratified and sensitivity analyses. In addition, we used an a priori method to determine the most appropriate genetic model and calculated the FPRP to rule out the potential false-positive reports.
Several limitations of the present study also need to be taken into consideration. Firstly, moderate heterogeneity was found for G894T (40.2%) and T-786C (46.9%). For G894T, after excluding one of the studies 32 from the overall analysis, the heterogeneity reduced to 24.9%, but with the result not being significantly changed. However, both subgroup and sensitivity analysis did not find out the source of the heterogeneity for T-786C, and this needs further investigation. Secondly, some studies included a category of mixed ethnicity for their study population. These populations could not be included in the ethnicity-specific analysis. Thirdly, some subgroup analysis, e.g., the pooled sample sizes for the subgroup analyses among Asians and Africans for both G894T and T-786C were relatively small (< 1,000 for cases), and this may have attenuated the statistical power. Thus, more studies with larger sample sizes are needed to confirm the associations observed in these subgroup analyses. Finally, due to missing information about disease status (e.g., early or late onset; mild or severe disease status), we cannot further explore the associations between NOS3 polymorphisms and preeclampsia risk by disease status, and this may also have influenced the interpretation.
In conclusion, this meta-analysis demonstrates that G894T and T-786C polymorphisms, but not VNTR 4b/a, in the NOS3 gene are associated with an increased risk of preeclampsia. The risk is more evident in high-quality studies both for polymorphisms and in studies conducted among Caucasians for T-786C. The risk for the T-786C polymorphism among Africans needs to be further confirmed. More high-quality studies should be conducted to establish the evidence of the associations between the NO synthase 3 gene polymorphisms and the preeclampsia risk for specific ethnic groups and by disease status.
Materials and Methods
Literature search strategies. We followed the standard criteria in the Meta-analysis Of Observational Studies in Epidemiology (MOOSE) guidelines to conduct and report this systematic review 42 . A systematic literature search of PubMed, Embase, Web of Science, and China National Knowledge Infrastructure (CNKI, http:// www.cnki.net) up to 24 November 2015 was performed. The following search terms were used: ("pregnancy induced hypertension" or pre-eclampsia or preeclampsia or pre eclampsia) and ("nitric oxide synthase" or eNOS or NOS3) and (polymorphism* or allele* or variant* or mutation* or gene or genetic or genotype). No language restriction was applied; non-English articles were translated if necessary. We also scanned the reference lists of retrieved studies and review articles (including meta-analyses) to identify all of the relevant studies on this topic that might have been missed in database searches. Related articles generated by Google Scholar (http://scholar. google.com) and PubMed were also retrieved.
Inclusion and exclusion criteria. Two reviewers (ZFF and ZS) identified articles eligible for further review by independently performing an initial screen of identified titles and abstracts independently. Studies were considered for inclusion if they met the following criteria: (1) they were a case-control study (including nested case-control studies); (2) they used preeclampsia as an end point; (3) they included only apparently healthy controls (i.e., people without known hypertension in pregnancy); (4) they included at least one of the Scientific RepoRts | 6:23407 | DOI: 10.1038/srep23407 three polymorphisms: G894T, T-786C, and VNTR 4b/a; and (5) they provided SNP genotype data and odds ratios (ORs) and corresponding 95% CIs. Studies were excluded if genotype frequency data in the controls demonstrated a departure from HWE. For the studies with overlapping data, only the most relevant articles with the largest dataset were included in the final analysis. Articles were retained when either of the two reviewers believed that they should be retained.
Data extraction and quality assessment. Data were extracted by using a pilot-tested data extraction form. The following data were extracted: article title, the first author's name, year of publication, country of the study performed, ethnicity of the study population (Caucasian, Asian, African, etc.), number of cases and controls, mean age and gestational age at delivery (GAD) of cases and controls, inclusion and exclusion criteria of the study population, source of controls, preeclampsia diagnosis criteria, genotyping method, and the numbers of cases and controls with different genotypes. The ORs and corresponding 95% CIs, after controlling for the minimal and the maximal adjusted number of covariates, were also abstracted.
The quality of each investigation was assessed by quality assessment criteria derived from a previously published meta-analysis of molecular association studies 43 . The quality scores of the studies ranged from 0 to 15, with 9 to 15 points indicating a high-quality study and 0 to 8 points indicating a low-quality one. The two reviewers (ZFF and ZS) independently extracted data and assessed the quality of each study, and any discrepancy was resolved through discussion between the two reviewers until a consensus was reached.
Statistical analysis. The departure of frequencies from expectation under HWE was assessed by chi-square goodness-of-fit tests in controls for each study. The strength of association between the three polymorphisms and preeclampsia risk was assessed by calculating ORs with the corresponding 95% CIs. We used the method proposed by Thakkinstian et al. 38 to define the appropriate genetic model for each polymorphism. Briefly, three ORs were calculated for each polymorphism (G894T: OR1: TT vs. GG, OR2: GT vs. GG, OR3: TT vs. GT; T-786C: OR1: CC vs. TT, OR2: CT vs. TT, OR3: CC vs. CT; and VNTR 4b/a: OR1: aa vs. bb, OR2: ab vs. bb, OR3: aa vs. ab, respectively). Then, the most appropriate genetic model was determined by the above pair-wise differences: If OR1 = OR3 ≠ 1 and OR2 = 1, then a recessive model is suggested; If OR1 = OR2 ≠ 1 and OR3 = 1, then a dominant model is suggested; If OR2 = 1/OR3 ≠ 1 and OR1 = 1, then a complete overdominant model is suggested; If OR1 > OR2 > 1 and OR1 > OR3 > 1 (or OR1 < OR2 < 1 and OR1 < OR3 < 1), then a co-dominant model is suggested.
We used the Chi square-based Q-test to assess between-study heterogeneity. The heterogeneity was also quantified with I 2 statistics. If no significant heterogeneity was found between the studies, the pooled OR was calculated by using the fixed effects model (the Mantel-Haenszel method) 44 . Otherwise, the random effects model (the DerSimonian and Laird method) was applied 45 . The FPRP was calculated to evaluate the significant findings, as described previously 46 . 0.2 was set as an FPRP threshold and assigned a prior probability of 0.1 to detect an OR of 0.67/1.50 (protective/risk effects) for an association with the genotypes under investigation 47 . An FPRP value < 0.2 was considered as a noteworthy finding. We also performed subgroup analysis according to ethnicity and quality scores, respectively. Sensitivity analysis was used to assess the effect of a single study on the summary results 48 . Egger's and Begg's regression asymmetry test and funnel plot were used to detect publication bias 39, 49 . Statistical analysis was performed with Stata Version 11.0 (College Station, TX, USA), and a two-sided P < 0.05 was considered statistically significant.
